INTRODUCTION
Cyanobacteria constitute one of the largest subgroups of Gram-negative photosynthetic prokaryotes and are of great evolutionary antiquity, dating back to the Precambrian (2.8 -3.5 billion years ago). They are found worldwide in highly diverse ecosystems, from aquatic (limnic and marine) habitats to terrestrial systems and from polar to tropical regions of the globe. In terrestrial systems, nitrogen-fixing Nostoc is by far the most common genus and includes cyanobacteria capable of forming symbioses with a broad range of plants and other organisms. Hosts include fungi (Geosiphon species and lichenised fungi), bryophytes (liverworts and hornworts), aquatic ferns (genus Azolla), gymnosperms (cycads) and angiosperms (genus Gunnera) (Bergman et al. 1996) .
CELL DIFFERENTIATION IN NOSTOC
The key to the success of the genus Nostoc, whether in the free-living form or in symbiosis, is most likely its extreme structural and functional plasticity. Influenced by environmental changes, Nostoc undergoes differentiation into several different cell and filament types (Pl. I). When grown under nitrogen-limited conditions or in symbiosis, vegetative cells differentiate to form specialised nitrogen-fixing heterocysts at a frequency of approximately 5% in the free-living form and up to 80% in symbiosis with hosts such as Gunnera species. In addition, the entire vegetative filament can differentiate into a motile stage, the hormogonium, which serves as a means of dispersal under unfavourable conditions and constitutes the 'infective unit' during establishment of the symbiosis. Finally, akinetes are differentiated under adverse conditions and function as spores. Akinete differentiation is an unusual stage in symbiotic associations and is known to play a role only in Azolla, in which akinetes function as cyanobacterial inocula for the next sporophyte generation. In addition, the cyanobacteria must change their metabolism from that of a free-living, phototrophic organism to that of a symbiotic, heterotrophic organism in order to be symbiotically competent. The mechanisms involved in this shift are largely unknown.
SPECIFICITY
The specificity of the cyanobacterium -host interaction has been investigated by isolating and growing the two symbiotic partners separately and then reconstituting the symbiotic association under laboratory conditions. Nostoc strains isolated from a cycad, the bryophyte Anthoceros and a lichen all infect Gunnera. Similarly, strains isolated from cycads, Gunnera and a lichen infect Anthoceros species. Hence, Nostoc in general exhibits a very low host specificity, with no correlation to the taxonomic status of the host. Furthermore, the host has a low specificity for its cyanobiont. Even certain strains of Calothrix and Chlorogloeopsis can infect both the hornwort Phaeoceros and the liverwort Blasia (West and Adams 1997) .
Moreover, the cyanobiont shows great adaptive flexibility because the same strain has the capacity to infect different host organs. The cyanobacteria are found extracellularly among the fungal hyphae in lichens, in the cavities of bryophyte thalli and Azolla leaves and in the specialised roots of cycads, whereas they are found intracellularly in the fungus Geosiphon and in the stem glands of Gunnera. Taken together, these facts indicate that the host is the (more) selective partner. Cyanobacteria are unique among symbiotic bacteria in their ability to infect a broad range of hosts and organs.
GENETIC DIVERSITY
The extreme morphological flexibility of Nostoc makes identification and taxonomy based on morphology problematic and unreliable. In the recent literature, many symbiotic isolates (from Gunnera, cycads, bryophytes and the fungus Geosiphon) have been referred to as N. punctiforme, but a phenotype-based characterisation has proved inadequate. No genetic analysis has yet been used to identify the taxonomic status of different symbiotic isolates. At present, the taxonomic interrelatedness of the symbiotic Nostoc strains is largely unknown and does not extend below the genus level. More precise genetic information must therefore be obtained to establish a more reliable classification system. In recent years, molecular methods have contributed to a more detailed classification of the genus Nostoc (Table 1) . The different molecular methods used have different resolution at the genus, species and strain level. The more sensitive techniques, giving information at the strain level, include protein profiling, RFLP mapping, sequencing of the tRNA Leu (UAA) and DNA fingerprinting using arbitrary or Consistent with reconstitution experiments, molecular studies of cyanobacterial isolates from bryophytes, cycads and Gunnera, using field samples, have shown that the same strain can be found in different host species. In addition, these methods have demonstrated that an extremely high genetic diversity exists among symbiotic cyanobacteria. Nonetheless, isolates from Gunnera growing at geographically distant locations in general show a correlation with the growth location. A more extreme case has been observed in a study of free-living and symbiotic (with the hornwort Phaeoceros) cyanobacteria in England, where identical strains have never been found in thalli collected at different sampling sites (West and Adams 1997) . Surprisingly, almost all isolated free-living strains could reconstitute symbiosis in the laboratory with Phaeoceros, as well as the liverwort Blasia, even though none of the free-living strains was identical to any of the symbiotic isolates.
Pl. I-Flexibility of
In natural populations of Gunnera, cycads and bryophytes, different strains can infect the same plant/thallus. However, only in Gunnera and cycads have different strains been detected in the infection unit, gland and coralloid root, respectively , Zheng et al. 2002 . In studies using tRNA Leu sequencing, lichens have shown a relatively low diversity of cyanobionts. In contrast, different species of Azolla carry different cyanobionts, whereas each Azolla species has been shown by PCR fingerprinting to carry one particular cyanobiont strain regardless of its geographical location (Zheng et al. 1999) . Moreover, the cyanobionts of different Azolla species show a grouping almost identical to that of their hosts. Hence, the Azolla host and its cyanobiont must have co-evolved. Consistently, the Azolla plants are never infected de novo; instead, the cyanobacteria are transferred between generations as akinete inocula, as mentioned above.
TAXONOMIC AFFILIATION
The molecular methods listed above have a high genetic and taxonomic resolution and consequently give information about diversity at the strain level. However, little is known at present about the genetic diversity at the genus or species level. Knowledge of the genetic diversity of the genus Nostoc above strain level is therefore important for a better understanding of the taxonomy of symbiotic Nostoc strains. Analytical methods with the necessary sensitivity include 16S rDNA analysis, DNA-DNA hybridisation, ITS region analysis (internal transcribed spacer between the 16S and 23S rRNA genes) and sequence analysis of functional genes, such as nifH and hetR. Analysis of the ITS and 16S rDNA regions demonstrated recently that the diversity of symbiotic Nostoc is extremely high even at this taxonomic level, indicating that symbiotic Nostoc isolates constitute a heterogeneous group (Rasmussen and Svenning 2001) . Furthermore, the symbiotic strains do not constitute a separate group distinct from free-living strains. Nevertheless, more sequence information of this region is needed to determine the taxonomic status of the genus Nostoc.
CONCLUSION
Many interesting questions arise on the basis of current knowledge of cyanobacterial symbiosis. For instance, it is now clear that reconstitution experiments in the laboratory provide little information on which Nostoc strain will be able to infect a host in nature. This poses the following questions: (i) Can the same strain infect taxonomically unrelated plants (e.g. bryophytes and Gunnera) under natural conditions? (ii) Can symbiotic strains survive without their host in the varying and complex environment of the soil, where there are competing cyanobacteria and other organisms, including possible 'cyanovores'? (iii) Are all Nostoc strains symbiotically competent under optimal conditions?
To answer these questions, more information is needed concerning the free-living cyanobacterial community and, in particular, the genetics of cyanobacteria at different taxonomic levels.
